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Abstract 
A real option approach for determining the optimal timing of engine remanufacturing is proposed based on the average environmental impacts 
values Fi by numerical analysis. Life cycle assessment method is conducted to calculate the total environmental impact EItotal of the four life 
cycle stages, including original manufacturing, first time usage, remanufacturing, and second time usage. Accumulative environmental impacts 
of the usage periods are calculated by the integral method. Fi is calculated by dividing EItotal by total driven mileage. Theoretical minimum of 
Fi (Fmin) indicates the best environmental benefit and Fmin can be obtained by numerical curve fitting. A case study of a diesel engine is 
conducted with the approach and result shows that Fmin is achieved when the engine is remanufactured after driving it for 3.315×105 kms. 
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1. Introduction 
1.1. Background 
Nowadays, the truck population has witnessed relatively 
rapid growth. In 2009, China’s truck population accounts for 
17.96% of the total vehicle population, up by 21.61% 
compared with 2008 [1]. Many large and expensive engine 
parts become worn after a period of use, such as engine block. 
Instead of disposing of large engine blocks, remanufacturing 
has resulted in re-use of the parts by repairing them with 
advanced remanufacturing technologies, such as nano-electro-
brush plating and laser spraying. 
Remanufacturing is an industrial process in which worn-out 
products are restored to like-new condition. Through a series 
of industrial processes in a factory environment, a discarded 
product is completely disassembled. Useable parts are cleaned, 
refurbished, and put into inventory. Then the product is 
reassembled from the old parts (and where necessary, new 
parts) to produce a unit fully equivalent and sometimes 
superior in performance and expected lifetime to the original 
new product [2]. 
With ensuring same quality as of new products, 
remanufacturing can save energy by 60 percent, materials by 
70 percent, cost by 50 percent, and reduce 80 percent of air 
pollutants [3]. According to Steinhiper, remanufacturing 
activities associated with automobile products stands for two-
third of all remanufacturing [4]. Previous researches have well 
stated that remanufacturing of engines is an effective strategy 
for promoting sustainability in the engine industry. It could 
remarkably reduce the energy and resource consumptions and 
environmental emissions compared to original manufacturing 
[5, 6]. On the other hand, the environmental benefits of engine 
remanufacturing might be quite different when it is
remanufactured at different times.  
End-of-life (EoL) remanufacturing is the most general 
ideology for remanufacturing as it can achieve the biggest 
product use value. On the other hand, it will also consume 
more energy and resources and cause more environmental 
impact. In most cases, serious abrasions, deformation as well 
as other failure modes occur when the components have 
passed the wear-out-failure period. Likewise, the diesel 
consumptions will also increase due to the engine 
performance reduction, which means that it is not the optimal
choice for EoL engine remanufacturing. “Preventive
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remanufacturing” is put forward based on wear rules of the 
components, which emphasizes to eliminate the product 
performance degradation in the embryonic stage. The end of 
the second phase in the regular wear curve is defined as the 
time limit of “Preventive remanufacturing” and the 
remanufacturing time is always set up based on the practical 
product’s service time. The product will certainly be 
remanufactured when it reaches the prescribed time, no matter 
what the technical status is. “Preventive remanufacturing” 
could remanufacture the product when it has not been 
scrapped. This approach will reduce the energy of 
remanufacturing processes and improve the comprehensive 
efficiency [7]. 
1.2. Research objective 
This study aims to find a real option approach for 
determining the optimal timing of engine remanufacturing by 
numerical analysis. Four life cycle stages, including original 
manufacturing, first time usage, remanufacturing, and second 
time usage is considered. The study tries to achieve the best 
environmental benefit and also better to guide 
remanufacturing enterprise's production practice. 
2. Materials and Methods 
From technical perspective, there are three obvious failure 
periods in the product service life: early failure period, 
accidental failure period and wear-out-failure period, which 
can be illustrated by U-shape curve (shown in Fig. 1). Typical 
time for “Preventive Remanufacturing” can be set up at the 
end of the second phase in U-shape curve.  
 
Fig. 1. U-shape curve 
Life Cycle Assessment (LCA) is a method for analyzing 
and assessing the potential environmental impact and resource 
utilization of a product throughout its entire lifecycle, i.e., 
from raw materials acquisition, through production and 
utilization phases, to waste management [8]. 
The optimal timing of remanufacturing identification is 
based on the application of “Preventive Remanufacturing” 
and LCA, considering the inner relationship between the 
environmental impacts and components failure rate. This 
paper applies a numerical simulation analysis method to 
identify the optimal timing of remanufacturing from 
environmental perspective. 
2.1. Objective function definition 
Average environmental impacts index Fi˖The average 
environmental impacts (EI for short) are generated for the 
four product life cycle stages: original manufacturing, first 
time usage, remanufacturing, and second time usage. 
Assuming that the engine is remanufactured when it has been 
driven Si mileage (km) in the first time usage and can be 
driven another S0 mileage (km) in the second time usage after 
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Where, A0, Bi, ³ iS dssg0 )(2  and ³ iS dssg0 )(2  are the EI generated 
in four states: original manufacturing-EI1, first time usage-EI2, 
remanufacturing-EI3, and second time usage-EI4; f2(s), g2(s) 
represents the increase law of EI in the engine usage periods. 
EI1 and EI3 can be obtained with the life cycle assessment 
(LCA) methodology and EI2 and EI4 are calculated by LCA as 
well as by calculus. The average environmental impacts index 
Fi can be achieved by numerical curve fitting when 
distributing the environmental impact EI1~EI4 along with the 
engine driving mileage, as is shown in Fig. 2. 
 
Fig. 2. Theoretical curve of the average environmental impact indicator Fi  
2.2. Parameters calculation 
Five impact indicators are considered in this section: 
Primary Energy Demand (PED), Global Warming Potential 
(GWP), Acidification Potential (AP), Eutrophication Potential 
(EP), and Photochemical Ozone Creation Potential (POCP). 
LCA is conducted to calculate the final environmental 














                                                 (2) 
Where, EI is the final environmental impact indicator; 
Gi is the value of ith substance in life cycle inventory; 
EIi is characterization factor of ith substance to kth indicator, 
k=1~5; 
Rk is the reference value of kth indicator; 
Vk is the weight factor of kth indicator. 
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2.2.1. Original manufacturing & remanufacturing 
Stage one includes materials production, components 
manufacturing as well as transportation. Life cycle inventory 
for stage one and characterization/normalization results are 
cited from reference [9], as is shown in Table 1.  
 











PED 2101.82 828 Kg ce 2.54 3.3 
GWP 8995.85 8700 CO2eq 1.03 21.6 
AP 23.52 36 SO2eq 0.43 0.05 
EP 17.51 62 NO3eq 0.28 3.0 
POCP 0.46 0.65 C2H4eq 0.71 0.2 
Note: [a] is cited from the equivalent value of national standardization (1990). 
 
Afterwards, A0 can be calculated from equation 2.2 with 
the data provide in Table 1, which results to be equal to 31.63.  
In stage 2, four different Remanufacturing Timings (RT): 
S1~S4 are defined based on the plant research. EI of 
remanufacturing Bi with different RT is calculated by LCA. 
The inventory of the remanufacturing processes with different 
Si is shown in Table 2. Resource requirements and 
environmental emissions in energy and additional materials 
production are cited from the professional Chinese Life Cycle 
Database (CLCD). The method of calculating Bi is in the same 
way as A0. The result of Bi is shown in Table 2. 
 



























Damaged and discarded 
parts replacing 
1537.63 19.59 cast iron 93.6 
Note: The additional materials of the later scenario include the former one. 
2.2.2. Usage 
Environmental impacts in the usage period are mainly 
generated from the diesel production and combustion. With 
the same assumption of the fuel efficiency and driving 
distance (5×105 km) mentioned in reference [9], the EI of the 
first time usage EIusage1 can be calculated in the same way as 
A0, which turns out to be EIusage1=4417.8. As is mentioned 
before, the diesel consumptions will increase due to the 
engine performance reduction, therefore, the EI of the unit 
driving distance will be increased under the different usage 
period. Several assumptions are made to identify the increase 
law of EI during the engine usage period. 
Assumption 1: The engine performance will not reduce 
under the first 105 kms and EI of the first 105 km is q; 
Assumption 2: The accumulative increased amount of EI 
with the next 105 km is a and EI of the last 105 km is (q+4a). 
In this case, EI at different mileage is shown in Table 3. 
 
Table 3. Environmental impact at different driving mileages 
Si (105km) 1 2 3 4 5 
EI q q+a q+2a q+3a q+4a 
 
Afterwards, EIusage1 can be calculated from 5q+10a; 
therefore, 5q+10a=4417.8 ķ. The field investigation proves 
that the diesel consumptions of a remanufactured engine will 
decrease by 1% compared to the one which continues to run, 
for the assumption that the quality and performance of the 
remanufactured products are as good as of new products, 
which indicates that the EI of remanufactured engine during 
the first 105 km is also q, therefore, it could conclude that 
(q+4a) h (1-1%)= q ĸ . The driving mileage after 
remanufacturing is regarded the same as new engine, and S0 is 
5h105 (km), then the EI of the second usage period EIusage2= 
EIusage1=4417.8. by which Then q and a can be calculated with 
ķ&ĸ, and q=879.12, a=2.22.  
Assumption 3: The increase law of EI under the normal 
friction and abrasion situation in usage period is increased 
linearly and f2(s) can be defined as: f2(s)=kx+q, x=2~5 (shown 
in Fig. 3.). Slope k reflects the increase law of EI. 
 
 
Fig. 3. Accumulative amount of EI with the different driving mileage 
The area of the curve and the horizontal axis reflect the 
accumulative increasing amount of EI with the different 
driving mileages. The following equation can be easily 
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Additionally, y5=4a=4×2.22=8.88 and slope 
k=8.88/5=1.776. Accumulative EI in the first usage period 
(AEIusage1) at the different RT can be obtained from equation 
(4). 
³³   ii SSusage1 dsqksdssfAEI 00 2 )()(                        (4) 
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Table 4: Environmental indicator of different remanufacturing timing 
Si 
(104km) A0 q ³ iS ksds0  AEIusage1 Bi EIusage2 
20 31.63 879.12 3.55 1761.79 7.99 4417.80 
30 31.63 879.12 7.99 2645.35 9.90 4417.80 
40 31.63 879.12 14.21 3530.69 14.34 4417.80 
50 31.63 879.12 22.2 4417.80 19.59 4417.80 
3. Results and Discussions 
3.1. Results 
The average environmental impacts index Fi at different 
RTs can be calculated from equation (1); the result is shown 
in Table 5. 
 
Table 5. Result of the average environmental impact index at the different 
remanufacturing timing 
Si (104km) 20 30 40 50 
Fi 888.46  888.09  888.27  888.38  
 
Subsequently, the Average Environmental Impact Index 
Curve (AEIIC) at different RTs is drawn based on the result in 
Table 5. The blue solid curve represents the real curve and the 
red one represents the simulation curve. The red dashed line 
shows the lowest point of the fitted curve which reflects the 
















Fig. 4. Average environmental impact index curve  
A conic curve-fitting equation (5) can be obtained from 
Fig. 4˖ 
 
22.890129.0002.0)( 2  sssFi                        (5) 
 
The optimal timing (Fmin) of engine remanufacturing can 
be calculated by derivational operation of equation 3.1 and the 
Fmin is achieved when the engine is remanufactured after 
driving 3.315×105 kms. 
 
3.2. Sensitivity analysis  
In this section, sensitivity analysis is conducted under the 
fourth scenario (Si=50×104), to evaluate the reliability of the 
results by determining whether the uncertainty in the 
significant issues identified in LCI affect the final conclusions. 
From equation (1), it is found a positive correlation between 
Fi and the EI of each stage. Reference [9] gave a complete 
sensitivity analysis before remanufacturing, which shows that 
the maximum deviation of each environmental impact 
occurred in the usage process. PED is closely related to the 
production of the diesel fuel and GWP, AP, EP, POCP is 
closely related to the engine operation process. Similarly, the 
second time usage is the most sensitive part after 
remanufacturing. With regard to the remanufacturing stage, 
the sensitivity analysis is conducted for GWP, and the result is 
shown in Table 6. 
















value 27.19  624.33  198.52  502.62  94.24  1446.91  
Variation 33.99  780.41  248.15  628.28  117.80  1808.64  
Deviation 6.80  156.08  49.63  125.66  23.56  361.73  
Sensitivity 
(%) 1.87% 38.95% 13.27% 31.96% 6.41% / 
Note: Deviation of the environmental impacts is calculated by increasing 25% 
of energy consumption in unit process, not including the additional materials. 
 
Results of the sensitivity analysis in Table 6 show that in 
remanufacturing stage, the major deviation of GWP occurred 
in the processes of damaged parts replacing and completely 
repairing, followed by partly repairing, discarded parts 
replacing and cleaning. 
3.3. Discussion 
Though remanufacturing is supposed to have same 
performance compared to new manufacturing, till now no 
strong evidence could prove it. In this section, the authors 
have determined, from the method mentioned in section 2.2, 
the relationship between optimal timing changes and different 
driving mileages achievable after remanufacturing. AEIIC, 
under different S0, are shown in Table 7. 
 
Table 7. Result of the average environmental impact index under different Sr 
So(104km) 50 40 30 20 
S*(104km) 33.15  33.71  35.28  37.21  
 
The result presented in Table 7 indicates that the optimal 
timing for remanufacturing will be delayed when the driving 
mileage after remanufacturing decreased. 
The increase law of EI under the normal friction and 
abrasion situation in the engine usage period is a critical 
component and is considered to increase linearly during the 
calculation process. Future research should focus on 
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extracting a more concise increase law of diesel consumption 
with specific experimentation or investigation method. 
4. Conclusions 
Environmental benefits of engine remanufacturing might 
be quite different when it is remanufactured at different times. 
This paper puts forward an option approach for determining 
the optimal timing of engine remanufacturing. The average 
environmental impact index is defined by dividing the total 
environmental impacts with the total driven distance. Life 
cycle assessment method is conducted to calculate 
environmental impacts the of the product life cycles. A case 
of an engine is applied to verify the feasibility of the method 
and the result shows that the best environmental benefit is 
achieved when the engine is remanufactured after driving it 
for 3.315×105 kms. Practically, environmental indicator is just 
one of the factors in selecting the optimal timing of 
remanufacturing. Economic and technical indicators are also 
required to be considered to ensure that the final 
remanufacturing timing point could achieve the optimal value 
of economy, technology, and environment. Therefore, further 
research needs to be expanded on the aspects of economy and 
technical level. 
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